Cartilage specimens from tibial plateaus, obtained from 13 osteoarthritic (OA) patients and seven controls, were selected from three regions: zone A, center of fibrillated area; zone B, area adjacent to fibrillation, and zone C, remote region of plateau. Acid and neutral metalloproteinases and tissue inhibitor of metalloproteinase (TIMP) were extracted with 2 M guanidine. Methods were developed to selectively destroy either proteinases or TIMP to prevent cross-reaction during assay. Acid and neutral proteinases were elevated 150% in OA; TIMP was elevated 50%. A positive correlation (r = 0.50) was found between acid and neutral proteinase activities in OA, but not in controls. Both proteinases were elevated two-to threefold in zones A, B, and C. However, the self-active form of the acid metalloproteinase was elevated only in zones A and B (200%); it correlated well with the Mankin scores, whereas the total activities did not. TIMP was elevated (50%) only in zones A and B. Both the proteinase levels and the Mankin score were elevated to a greater extent in the medial, than in the lateral, compartment. Titration of TIMP against the two metalloproteinases indicates that there is a small excess of inhibitor over enzymes in normal cartilage. In OA, TIMP does not increase to the same extent as the proteinases; the resultant excess of proteinases over TIMP may contribute to cartilage breakdown.
Introduction
Osteoarthritis (OA)' is characterized by loss of matrix proteoglycans, fibrillation of the cartilage surface, and eventual loss of collagenous matrix to expose the underlying bone (1) . At least three factors contribute to joint matrix destruction (2) : (a) mechanical wear, (b) failure ofthe chondrocyte to maintain a balance of matrix synthesis and degradation, and (c) extracartilaginous factors such as bony remodeling and synoviummediated events.
Mankin et al. (3) and Ehrlich (4) found a consistent loss of matrix proteoglycans in cultured OA cartilage. Sapolsky et al. (5) showed that OA cartilage contained elevated levels of cathepsin D. However, because the pH optimum of cathepsin D on proteoglycan lies between 4 and 4.5, it is unlikely to play an important role in the extracellular matrix, where the pH is 7.2. Human articular cartilage also contains metalloproteinases that'can degrade collagen and proteoglycan at physiological pH (6) . We have isolated and characterized two metalloproteinases that digest proteoglycan (7, 8) . Both a neutral and an acid metalloproteinase are found; the acid enzyme has significant activity at pH 7. Both proteinases are elevated in OA cartilage of the tibial plateau (9, 10) , as is collagenase (11, 12) .
Human cartilage also contains a tissue inhibitor of metalloproteinases or TIMP (13, 14) , which inhibits all three proteinases. TIMP was not elevated in OA patellar cartilage (8, 14) , whereas the proteinases were elevated about threefold. This may lead to an imbalance in OA so that the proteinases escape control by the inhibitor and produce excessive matrix degradation.
Our previous measurements of metalloproteinases in tibial plateau cartilage were based on assays of homogenates in which the endogenous collagen or proteoglycan served as substrate. We now report new methods for the extraction of the proteinases and their assay on exogenous, standardized substrates. While this extraction yields twice as much activity as detected by previous assays of homogenates, it is possible that unextracted enzyme activity still remains in the tissue. We have also found selective methods to destroy either the proteinases or the TIMP so that each can be measured directly in the extracts without prior separation and without interference with the other measurements. These methods have been applied to normal and OA cartilage specimens to explore early stages of OA and to compare changes in lateral and medial compartments of the tibial plateau. The results add strong support to our earlier hypothesis ( 14) that the increase in proteinase activity in OA leads to an imbalance of enzyme over inhibitor that may be important in the progression of the disease.
Methods
Patient selection and tissue preparation. Patients undergoing joint arthroplasty were selected with the goal of studying OA of mild to moderate severity. Of the 30 patients screened at the Department of Orthopaedic Surgery, St. Luc and Notre-Dame Hospitals, University of Montreal School of Medicine, only 13 met this criterion. Cartilage was taken from only one of the two tibiofemoral compartments because cases with moderate medial compartment disease had virtually room. It was carried to the lab and tested for carbon black retention (15) . Blocks oftissue (0.25 cm2), extending into the subchondral bone, were then excised from 3 sites as previously described (11) . Site A included the center of the fibrillated or eroded lesions (usually in the weight-bearing area), site B samples were from the margin ofthe lesion, and site C samples were collected 1 or more cm away from the lesion in site A (Fig. 1 ). It was not always possible to obtain three blocks from each specimen. A small section of each block was used for histological-histochemical grading according to Mankin et al. (3) . The remainder (75-100 mg) was separated from the underlying bone and frozen at -70°C in physiological saline until analyzed.
Fresh control tissues were obtained postmortem from seven subjects and tested for carbon black retention as above. Samples of tibial plateau cartilage were obtained from sites corresponding to those resected from the osteoarthritic knees and then frozen in physiological saline as described above. Histological grading was not performed, since a large number (n > 60) of such samples in earlier studies, were found to have an average Mankin score of 0-1 (11) .
Extraction of TIMP and metalloproteinases. Preliminary extraction methods were developed using human patellar cartilage from autopsies. Several OA specimens from tibial plateaus, obtained from Dr. Jerry Enis in Miami at arthroplasty, were used to confirm that the extraction methods were suitable for surgical specimens. Sterile technique was used insofar as practicable. All buffer solutions and glassware were autoclaved before use and instruments were soaked in 70% ethanol.
Each cartilage block was minced and homogenized in a 12-ml polyallomer centrifuge tube in various extraction buffers (e.g., 50 mM Tris-HCI, 10 mM calcium chloride, 2 M guanidine hydrochloride, pH 7.5) with a Polytron device (Brinkmann Instruments Co., Inc., Westbury, NY) using a PT-10 ST saw tooth generator at 4°C (7). The homogenate was centrifuged at 21,000 g for 30 min at 4°C. The supernatant was dialyzed into assay buffer (50 mM Tris-HCl, 10 mM calcium chloride, 0.2 M sodium chloride, 0.05% Brij 35,0.02% sodium azide, pH 7.5) using 14,000 Mr cut-off Visking dialysis tubing (Union Carbide, Danbury, CT). Streaks of pellets and extracts on Lennox agar plates were incubated for 24 h to test for microbial contamination. The dialyzed crude extracts were used directly for assay of protein and proteoglycan or treated as described below before assay of metalloproteinases and TIMP.
The following optimized methods were adopted for routine assays. Cartilage specimens were thawed at 24°C, blotted and weighed (there was < 10% change in weight upon freezing). The specimens were diced and 4-8 mg were weighed for DNA assay (see below). The (7) . The labeled proteoglycan monomer (80,000 cpm/mg) was entrapped in polyacrylamide gel beads having a pore size that retains the monomers but permits the escape of digestion products smaller than -200,000 daltons. The assay gave a linear response with 0.3-3.0 ng oftrypsin over a 4-h period at 37°C with a reproducibility of ±8%.
Neutral and acid metalloproteinase activities were determined after selective destruction of TIMP by reduction and alkylation (13, 17) . This treatment had no effect on the metalloproteinases and destroyed TIMP before it could complex with the proteinases in the crude extracts (see Results). The crude extracts were incubated at 37°C for 30 min with 2 mM dithiothreitol. Iodoacetamide (5 mM) was added for an additional 30 min at 37°C. The reagents were removed by overnight dialysis against assay buffer at 4°C. The possible presence of another inhibitor, a2-macroglobulin, was ruled out by treatment of the crude extracts with 3.0 M potassium thiocyanate (18) .
For proteinase assay, 0. I-ml enzyme samples were mixed with 0.1 ml of assay buffer or 0. TIMP assay. TIMP was assayed with a low M, metalloproteinase isolated from rat uteri at 1 d postpartum as previously described (13, 19) with slight modification. The enzyme was partially purified by chromatography on Ultrogel AcA 54 (LKB Instruments, Inc., Rockville, MD). The enzyme peak from the gel filtration column was then applied to a 1.5-ml column ofBlue Sepharose CL-6B (Pharmacia, Inc., Piscataway, NJ) in assay buffer and eluted with a 0.2-2.0 M sodium chloride gradient. The enzyme was activated with 0.5 mM APMA for 1 h at 37°C and then dialyzed free of APMA. TIMP activity in the crude extracts was determined after selective destruction of the metalloproteinases. The method is based on the principle that the metalloproteinases become heat-labile in the absence oftheir intrinsic (Zn+2) and extrinsic (Ca"2) divalent cations. TIMP, on the other hand, is stable at temperatures that destroy the destabilized metalloproteinases (13). EDTA was added to the dialyzed crude extracts at a final concentration of 40 regimens, since such methods were effective for extraction of uterine collagenase (25) . However, buffered guanidine-HCl gave the best extraction (Fig. 2) . Two 20-vol extracts in 2 M guanidine-HCl provided optimal recovery of both proteinases and of TIMP (92-99% of the amount obtained with 4 extracts). Subsequently, a single 40-vol extraction was found to produce 95-99% of the recovery obtained with two 20-vol extractions.
Recovery of enzymes and TIMP was checked by adding back known amounts of active and latent forms of enzymes and of TIMP to previously extracted cartilage pellets. These were then homogenized and the resultant extracts were carried through the assay. It was found that all the added components were recovered with < 10% loss during homogenization and exposure to guanidine. It was also established that, at 4°C, active enzyme and TIMP did not combine during the processing. This extraction protocol gave closely similar results with surgical specimens from the tibial plateau. Such specimens were also frozen without added fluid or in physiological saline at -70°C to ascertain the best method for storage and shipment of specimens from Montreal. Both methods yielded identical results; freezing produced no leakage of proteinase or TIMP into the saline solution, nor was there any decrease in activity compared to fresh, unfrozen tissue.
Selective destruction of metalloproteinases or TIMP. In order to destroy active forms of metalloproteinases that could bind to, and inactivate, TIMP, samples were heated to 60°C for 1 h in the presence ofEDTA (Table I ). This destroys 90% or more of both active and latent metalloproteinases. TIMP is completely stable under these conditions. On the other hand, TIMP could interfere with the measurement of active metalloproteinases, especially since incubation lasts 18 h. TIMP could be destroyed by reduction with dithiothreitol followed by alkylation with iodoacetamide (Table I and that there is an increase in active enzyme following this treatment, indicating that TIMP had indeed interfered. Activation with APMA requires at least 4 h, so that TIMP is largely destroyed by this reagent before the latent enzyme is activated. But combination with active enzyme can occur before TIMP destruction and enzyme is not recovered by APMA treatment once this has occurred (17) . Extracts were treated with 3 M KSCN to destroy a2-macroglobulin (18) . No significant increase in metalloproteinase activity was observed for either normal or osteoarthritic cartilage after such treatment, indicating that this inhibitor was not a significant factor in cartilage.
Validation ofthe assays. Fig. 3 shows that there is an initial lag of three (acid) to five (neutral) h required for activation of the latent enzymes by APMA; beyond this point, the assays remain linear for at least 18 h. The assay is also linear with respect to amount of enzyme (not shown). Tissue extracts add -42 gg of proteoglycan to the assay. This does not significantly affect the results since the addition of up to 300 ,g produces < 10% inhibition. This is due to the fact that most of the fluid in the assay is imbibed by the beads; the enzyme is then largely inside the beads where the added proteoglycan cannot penetrate.
Clinical characteristics of the patient series. As shown in Table II , the 13 patients all had primary OA as based on x-ray grade (26) , joint instability consistent with cartilage loss without collateral ligament injury, and other criteria recently established by the American Rheumatism Association (27) . If the postoperative assessment based on histological and carbon black scoring did not confirm the diagnosis ofprimary OA, the patient's tissue was excluded from the study. In the case of control specimens, the medical records were examined to exclude any prior rheumatic disease, including OA. Changes in proteinases and TIMP in OA. Biochemical results are presented in Table III . The number ofassays is two to three times the number of patients owing to sampling three X-ray grade determined according to Kellgren and Lawrence (26) .
zones of each tibial plateau. The total activity of each metalloproteinase, measured after APMA activation of proenzyme forms, is given first, followed by the amount of active form detected without activation. Thus, the total acid metalloproteinase activity increased 136% in the OA group compared to controls; the fraction that was active at the time of extraction was increased by 108%. The total neutral proteinase activity increased even more (160%), but the active form did not increase significantly. The level of TIMP, on the other hand, increased only 53%. The total content of DNA in the cartilage did not change significantly. The soluble proteoglycan did not change. It should be noted that no effort was made to extract all proteoglycan, the results reflect only that portion extracted in 2 M guanidine. Linear correlation analyses were performed for the total and active forms of each enzyme against enzyme activity, TIMP levels and Mankin score. Only one positive result was found (Fig. 4) ; the total acid metalloproteinase activity correlated with the total neutral metalloproteinase in OA with an r = 0.505 and P < 0.001. The samples were then analyzed according to their original location in sites A, B, or C on the tibial plateau (Fig. 5) . The control samples showed no significant differences from one region to another, so all results were combined into one group. The total activity of both acid and neutral proteinases was elevated significantly and to a similar extent in all three zones. The active form ofthe acid enzyme was elevated only in zones A and B; the Mankin scores for zones A, B, and C paralleled the levels of the active proteinase. The inhibitor, TIMP, was elevated to the extent of 50% and 60% in zones A and B, but not in C.
The data for samples from medial and lateral compartments are shown in Fig. 6 . The controls were pooled since no differences were observed between lateral and medial specimens. As was seen in Table II , the ages of the OA patients in the two groups were not significantly different, but the Mankin scores were different (4.4 vs. 7.1). The total activity of acid proteinase was elevated 53% in the lateral and 154% in the medial compartment; the active enzyme was elevated only in the medial compartment. In contrast, the active neutral metalloproteinase was not significantly elevated in either compartment, while the total neutral activity was elevated 203% in the medial compartment. TIMP was elevated 45-55% in the two compartments. Relative amounts ofproteinases and inhibitor. The proportional increase in both acid and neutral proteinase activity in OA exceeded 130%, whereas TIMP was elevated only 53% (Table III) . It is important to estimate the relative amounts of enzyme and inhibitor; this was calculated as follows. First, published data for the molecular weight and specific activity against proteoglycan beads of acid metalloproteinase (8) and neutral metalloproteinase (28) were used to calculate the number ofunits ofTIMP that would be required to titrate these two enzymes. TIMP was measured against a metalloproteinase of the rat uterus. This proteinase digests 30 mg of Azocoll/min per mg enzyme and its molecular weight is 20,000 (29) . It could be calculated that 25 U of TIMP found in 1 g of control cartilage (Table III) is equivalent to 1.1 tg of TIMP, assuming a 1:1 stoichiometry of inhibitor to enzyme (30) . Similar calculations show that 1.95 U of acid metalloproteinase and 0.42 U of neutral proteinase would require 15.2 and 6.8 U of TIMP, respectively. Fig. 7 summarizes the main finding. There is sufficient TIMP to inhibit the two metalloproteinases in control samples, but in the medial compartment the amount is insufficient. Collagenase is not included in these calculations; the shortfall of TIMP in OA would be further magnified by its inclusion. 
Discussion
Validation ofassay methods. The present advance in measuring proteinases and TIMP in cartilage was based on finding a good extraction method and ways in which to selectively destroy either enzymes or inhibitor, so that the one would not interfere in the assay of the other. Extraction with guanidineHCl proved to be superior to heat extraction methods found useful for other tissues (19, 31) . The extracted activity is at least twice the activity detected by direct assay of homogenates, and there is good recovery ofenzymes added back to the homogenates. However, it is still possible that a significant (32, 33) . The amounts being assayed are typically 5-10 ng, or -50 times less than amounts assayed by workers using culture medium sources of enzyme.
Although our earlier studies utilized endogenous substrate and did not take TIMP into account, they were basically sound. TIMP is inactivated by APMA (13); during the 3-5 h required to activate latent metalloproteases (Fig. 3 ) most ofthe TIMP was probably destroyed. Moreover, we showed (9, 10, 34, 35) that the proteoglycan levels in homogenates were not appreciably decreased in OA, so there were not large variations in substrate concentration. However, active metalloproteinase was underestimated (7) (8) (9) (10) 14) and this may be attributed to reaction with TIMP during the long incubation period. In the present study as much as 30-40% ofthe total enzymes were in active form.
Proteinase and TIMP changes in OA. The present results are closely similar to the changes reported earlier: a 136% increase in acid metalloprotease and a 160% increase in the neutral activity may be compared to previous reports of 200% (10) and 600% (9) , respectively, as measured in homogenates of tibial plateau. The tissues selected for the present study were not so severely diseased as the earlier tissues. The purpose of this was to show that the enzymes were elevated in earlier stages of OA and not just in end-stage disease. We have recently (36) identified the neutral proteinase as stromelysin (matrix metalloproteinase 3). It is important to note that the acid metalloprotease activity is about five times higher than that of stromelysin, suggesting that the former may play a more prominent role in OA. This is in contrast to the patella, where the two levels are more nearly equal (e.g., Fig. 2 ).
Enzyme distribution on the tibial plateau. The acid metalloproteinase was previously found to be elevated in lesions (zone A), but not in remote areas (zone C). In the present study it is elevated in all zones. However, the active form is elevated only in zones A and B. The neutral activity is elevated in all three zones, in agreement with previous findings (9, 34, 35) . In the present work the OA changes were found to be more extensive or severe in the medial compartment, including the Mankin score, carbon black retention and x-ray changes. Both of the metalloproteinases and TIMP were also higher in this compartment. One might argue that the lateral compartment is protected against gross cartilage decompensation, or alternatively, that the lesions are self-limiting and atrophic due to low weight-bearing. In comparing tissue from weight bearing and non-weight-bearing sites in control cartilage, we could see no significant differences. The lateral compartment may, therefore, provide suitable samples for studying early development of OA lesions. This would be of value since the usual surgical specimens from the medial compartment show extensive subchondral remodeling and fibrocartilage deposition, which may obscure the early biochemical and etiopathological events of interest.
We find that biochemical abnormalities occur in the lateral compartment, in spite of the mild histological changes. This is further supported by the significant elevation in metallopro- teinase levels seen in the Pond-Nuki dog model when there are low histological scores (12, 34, 35) . Brocklehurst et al. (37) suggest that nonfibrillated human OA knee cartilage may be normal by their criteria; they propose corrective osteotomy or unicompartmental joint replacement as rational options. The validity of this approach remains to be tested, but our data suggest that early OA changes may progress to include the nondecompensated compartment.
Regulation ofproteinase activity. The present results indicate that metalloproteinases may be one of the factors responsible for the loss of matrix in OA. At least three regulatory mechanisms should be considered. First, the mechanical load may affect the cartilage integrity. Secondly, the enzymes are in latent form and require activation before they can attack the matrix. How this activation occurs is not known, but we find as much as 30% of the acid and 50% of the neutral enzyme in an active form in site A. The third factor is the protein inhibitor of metalloproteases, originally noted by Killackey et al. (38) and characterized by us as TIMP (13) based on identity of properties to those described by Cawston et al. (30) and others (39) (40) (41) .
The present data suggest a close balance between activities of metalloproteases and levels of TIMP in normal cartilage. In OA, the protease activities rise proportionally higher than the levels of TIMP, leading to a presumptive excess of proteinase. This result matches closely the conclusion we reached in our earlier study ofpatellar tissue (14) . This hypothesis would offer a reasonable explanation of why tissue damage becomes excessive in OA, whereas in normal tissues the same enzymes probably account for matrix turnover. However, the present findings must be viewed with some caution since they include several simplifying assumptions. For example, at any instant only part ofthe total enzyme is in an active state. On the other hand, it is also assumed that the enzymes and inhibitor are freely accessible to one another in the same compartment of the extracellular matrix. In spite of these possible under-or overestimates, one must recognize the fact that the levels of enzymes and inhibitor are closely matched and that there is not a vast reservoir of proteinase inhibitor as, for example, in the blood. Any factor that upsets this balance may contribute to the development of OA.
